The surface integrity of a micro electrical discharge machining (micro EDM) surface represents the surface quality of workpiece. The surface quality of micro EDM can be further improved by clarifying the machining mechanism and optimizing processing technology. In this paper, experiments were carried out to investigate the influence of the tool electrode diameter on the machined surface integrity of micro EDM. The evolutions of the tool diameter on the micro topography, element migration, and surface roughness of workpiece surface machined in pure water and EDM oil were illustrated. The results show that the surface roughness Ra decreases as the tool electrode diameter increased, regardless of the open circuit voltage and dielectric type, owing to the skin effect. The good fluidity and cooling property of pure water and the effect of electrochemical corrosion cause the surface roughness Ra of surface machined in pure water is much larger than that machined in EDM oil. Tool material migrates to the workpiece surface during the micro EDM process, whether pure water or EDM oil is adopted as the working medium. The influence of electrode size on the Cu content of the workpiece surface shows no significant trend. Pure water is more suitable for high efficiency, low-precision micro EDM, while EDM oil is better for high-precision micro EDM.
Introduction
Currently, the demands for micro-part and micro-machining become more and more urgent, due to the increasing requirement of micro products in various fields [1, 2] . As one of the most popular nontraditional machining methods, micro electrical discharge machining (micro EDM) has been proved to be qualified for the fabrication of various micro features [3] . Nowadays, micro EDM is used widely in advanced manufacturing area, such as medical industries, biotechnology, aeronautics, and astronautics [4] [5] [6] .
Micro EDM and traditional macro EDM are similar in their machining mechanism, but micro EDM has some unique characteristics due to size effects. Generally, a cylindrical rod is adopted as the tool electrode in micro EDM to drill or mill expected high-precision features [7, 8] . The benefit from the advantage of non-contact machining, micro EDM is suitable for fabricating micro holes and micro three-dimensional features in metal [9] [10] [11] . However, the machined surface quality of micro EDM is difficult to ensure when pursuing higher processing efficiency by increasing discharge energy [12, 13] . Moreover, many influence factors which can be neglected in macro EDM still have significant influence on machining performance in the case of micro EDM.
At micro scale, the surface integrity of micro EDM surface is affected by various machining parameters, including tool diameter. Lee et al. [14] carried out a study of the EDM machining of H13 and D2 tool steels using electrodes of different diameters. They indicated that the surface crack distribution is influenced by the machining parameters, the electrode diameter and the material conductivity. Peças and Enriques [15] studied the performance improvement of conventional EDM with different tool sizes with a powder-mixed dielectric. They found that tool size has a significant effect on the machining performance, which can be reduced by using silicon powder in the dielectric. D'Urso and Ravasio [16, 17] indicated that the electrode properties, in terms of both material and diameter, have influence on the drilling performance. However, their studies are based on macro EDM experiments, and the results and conclusions may be not suitable for micro EDM. Liu et al. [18] carried out experiments to investigate the effect of tool size on micro EDM drilling performance. However, they did not study the effect of tool size on surface integrity. Wang et al. [19] found that the surface characteristics of micro EDM were significantly influenced by the tool diameter, especially when machining with lower energy. Additionally, they only investigated the effect of tool diameters of 300-800 µm, which is not enough to elaborate the influencing mechanism and size effect. Therefore, although the tool size effect in EDM has been paid attention to, the understanding of its effect on surface integrity is limited. Understanding the influence of the tool size on surface integrity is helpful to further clarify the machining mechanism and predict the machining surface quality of micro EDM.
In this paper, experiments were carried out to investigate the influence of tool electrode diameter on the machined surface integrity of micro EDM. The evolutions of tool diameter on surface roughness, element migration, and micro topography of machined workpiece surfaces were illustrated. The effect of the tool diameter on the workpiece surface integrity was discussed in view of the skin effect.
Materials and Methods

Mechanism of Current Skin Effect
When alternating current passes through an electric conductor, the current will concentrate on the surface of the conductor, which is called skin effect [20] . The strength of skin effect depends upon current alternating frequency and material properties. In the case of micro EDM, the discharge frequency is extremely high because of the very small discharge energy. Therefore, the current alternating frequency is also very high. Owing to skin effect, the effective resistance of cylindrical tool electrode increases, which would influence the discharge state [21] .
The effective resistance of cylindrical tool is dependent on the discharge frequency, which can be expressed as [22] :
where R 0 represents the resistance of cylindrical tool under the condition of direct current, R 0 = 1 πσr 2 0 , r 0 represents the cylindrical tool radius, σ represents conductivity, R represents the resistance of cylindrical tool at 100 kHz, ε indicates the degree of skin effect of the cylindrical tool:
where µ represents permeability, f represents discharge frequency. From the above formula, it can be noticed that the degree of skin effect of the cylindrical tool is proportional to its radius. Moreover, the effective resistance of cylindrical tool increases as the radius of tool increased. Owing to skin effect, the alternating current concentrates on the surface of the cylindrical tool. The skin depth δ can be written as [20] :
where, ω is the angular frequency of alternating current. The current density of the cylindrical tool surface is expressed as [20] :
where z represents the depth to the cylindrical tool surface, i represents the current density at depth z, i 0 represents the current density at cylindrical tool surface, j is imaginary number, j = √ −1. It can be deduced from above equation that the current density of the cylindrical tool surface decreases with the increase of the depth to the cylindrical tool surface. As a result, in the case of micro EDM with discharge of high frequency, the current concentrate on the cylindrical tool surface, which would cause different machining performance from that expected.
Experimental Design and Setup
The experiments were conducted using the micro EDM platform as show in Figures 1 and 2 . The servo feed system adopts a precise linear servo motor controlled by a C863 controller produced by FAULHABER MICROMO LLC (Clearwater, FL, USA). The travel distance of the x-, y-, and z-axes is 100 mm, and the motion resolution is 0.2 µm. Cylindrical T2 copper rods of various diameters were adopted as the tool electrode while stainless steel (AISI 304) sheet 3 mm in thickness was adopted as the workpiece. The tool was connected to negative polarity and the workpiece was of positive polarity. To ensure a stable machining state, the rotational speed of spindle was 3000 rpm. The feeding depth was 20 µm, and the milling length was 1000 µm. The main processing parameters are as shown in Table 1 . Owing to skin effect, the alternating current concentrates on the surface of the cylindrical tool. The skin depth δ can be written as [20] :
where represents the depth to the cylindrical tool surface, i represents the current density at depth z, represents the current density at cylindrical tool surface, j is imaginary number, √ 1.
It can be deduced from above equation that the current density of the cylindrical tool surface decreases with the increase of the depth to the cylindrical tool surface. As a result, in the case of micro EDM with discharge of high frequency, the current concentrate on the cylindrical tool surface, which would cause different machining performance from that expected.
The experiments were conducted using the micro EDM platform as show in Figures 1 and 2 . The servo feed system adopts a precise linear servo motor controlled by a C863 controller produced by FAULHABER MICROMO LLC (Clearwater, FL, USA). The travel distance of the x-, y-, and zaxes is 100 mm, and the motion resolution is 0.2 μm. Cylindrical T2 copper rods of various diameters were adopted as the tool electrode while stainless steel (AISI 304) sheet 3 mm in thickness was adopted as the workpiece. The tool was connected to negative polarity and the workpiece was of positive polarity. To ensure a stable machining state, the rotational speed of spindle was 3000 rpm. The feeding depth was 20 μm, and the milling length was 1000 μm. The main processing parameters are as shown in Table 1 . Owing to skin effect, the alternating current concentrates on the surface of the cylindrical tool. The skin depth δ can be written as [20] :
The experiments were conducted using the micro EDM platform as show in Figures 1 and 2 . The servo feed system adopts a precise linear servo motor controlled by a C863 controller produced by FAULHABER MICROMO LLC (Clearwater, FL, USA). The travel distance of the x-, y-, and zaxes is 100 mm, and the motion resolution is 0.2 μm. Cylindrical T2 copper rods of various diameters were adopted as the tool electrode while stainless steel (AISI 304) sheet 3 mm in thickness was adopted as the workpiece. The tool was connected to negative polarity and the workpiece was of positive polarity. To ensure a stable machining state, the rotational speed of spindle was 3000 rpm. The feeding depth was 20 μm, and the milling length was 1000 μm. The main processing parameters are as shown in Table 1 . The surface topography of the machined micro cavity was examined using a scanning electron microscope (SEM, ULTRA PLUS, Zeiss, Jena, Germany). In addition, the elemental composition of the machined workpiece surface was detected by energy dispersive X-ray (EDX, ULTRA PLUS, Zeiss). Surface roughness profiler (model JENOPTIK T8000, TIME GROUP INC., JENOPTIK, Jena, Germany) was adopted to measure the surface roughness of the machined surface. Each experiment was repeated three times to ensure the reliability of the results.
Results and Discussion
Influence of Tool Diameter on Surface Topography
The surface topography of the workpiece surface obtained in pure water and EDM oil is shown in Figures 3 and 4 , respectively. It can be noticed that the surface topography obtained in pure water is significant coarser than that obtained in EDM oil. During micro EDM process, a great deal of heat is released instantaneously by pulse discharge, which causes a portion of material on the discharge point to melt or vaporize. Then, some of the melting and vaporizing materials are ejected from the electrode surface, while part of the molten materials are re-solidified on the electrode surface. The good fluidity and cooling property of pure water improves the cooling and ejection of the melting materials, which reduces the probability of the molten products re-solidifying on the surface of the workpiece, causing a coarser workpiece surface. During this process, the heat between the electrodes is taken away by heat conduction and the vaporization of water, which improves the cooling of the discharge plasma and deionization, making the discharge state more stable. The EDM oil has poor fluidity and easily segregates carbon; a considerable amount of melted materials are re-solidified on the electrode surface, making the surface smoother. The surface topography of the machined micro cavity was examined using a scanning electron microscope (SEM, ULTRA PLUS, Zeiss, Jena, Germany). In addition, the elemental composition of the machined workpiece surface was detected by energy dispersive X-ray (EDX, ULTRA PLUS, Zeiss). Surface roughness profiler (model JENOPTIK T8000, TIME GROUP INC., JENOPTIK, Jena, Germany) was adopted to measure the surface roughness of the machined surface. Each experiment was repeated three times to ensure the reliability of the results.
Results and Discussion
Influence of Tool Diameter on Surface Topography
The surface topography of the workpiece surface obtained in pure water and EDM oil is shown in Figures 3 and 4 , respectively. It can be noticed that the surface topography obtained in pure water is significant coarser than that obtained in EDM oil. During micro EDM process, a great deal of heat is released instantaneously by pulse discharge, which causes a portion of material on the discharge point to melt or vaporize. Then, some of the melting and vaporizing materials are ejected from the electrode surface, while part of the molten materials are re-solidified on the electrode surface. The good fluidity and cooling property of pure water improves the cooling and ejection of the melting materials, which reduces the probability of the molten products re-solidifying on the surface of the workpiece, causing a coarser workpiece surface. During this process, the heat between the electrodes is taken away by heat conduction and the vaporization of water, which improves the cooling of the discharge plasma and deionization, making the discharge state more stable. The EDM oil has poor fluidity and easily segregates carbon; a considerable amount of melted materials are re-solidified on the electrode surface, making the surface smoother. In addition, there are more micro cracks and erosion particles on the surface machined in pure water than that in EDM oil, and the surface machined in pure water shows significant electrochemical corrosion phenomenon. Therefore, the material removal of micro EDM in pure water is dominated by both thermal erosion and electrochemical corrosion. The machined surface is quite rough owing to the excessive electrochemical corrosion. Moreover, the discharge frequency of micro EDM is quite high, causing the cycle frequency of material heating, cooling and reheating in the discharge zone being very high. The effect on the surface machined EDM oil with poor cooling ability is relatively small, while he stress produced by thermal cycle is higher when machined in water with better cooling performance. When thermal stress is higher than the tensile strength of workpiece, micro cracks occur. Therefore, there are more micro cracks in the case of micro EDM in pure water. Consequently, the machining efficiency of micro EDM in pure water is higher and the surface quality is lower. Pure water is more suitable for high efficiency, low-precision micro EDM, while EDM oil is better for high-precision micro EDM.
Influence of Tool Diameter on Element Migration
Pure water and EDM oil are two different types of working dielectrics with different components. The main components of water are O and H, while C and H are in EDM oil. In order to further study the influence of work medium on machined surface, energy spectrum analysis of the surface obtained in pure water and EDM oil was carried out, as shown in Figures 5 and 6 , respectively. In Figures 5 and 6 , the height of the yellow column (ordinate) represents the content of certain elements.
It can be seen from the energy spectrum analysis result that there is Cu element on the workpiece surface regardless of dielectric type. This is because there is element migration during the micro EDM process. The instantaneous high pressure and high temperature during the micro EDM process make the electrode material melt, vaporize, and eject from the discharge point. Owing to the effect of gravity and the ejecting force, a portion of the melted and vaporized tool material particles move and solidify on the workpiece surface. Therefore, whether pure water or EDM oil is used as the working dielectric, element migration from the tool to the workpiece is inevitable. In addition, there are more micro cracks and erosion particles on the surface machined in pure water than that in EDM oil, and the surface machined in pure water shows significant electrochemical corrosion phenomenon. Therefore, the material removal of micro EDM in pure water is dominated by both thermal erosion and electrochemical corrosion. The machined surface is quite rough owing to the excessive electrochemical corrosion. Moreover, the discharge frequency of micro EDM is quite high, causing the cycle frequency of material heating, cooling and reheating in the discharge zone being very high. The effect on the surface machined EDM oil with poor cooling ability is relatively small, while he stress produced by thermal cycle is higher when machined in water with better cooling performance. When thermal stress is higher than the tensile strength of workpiece, micro cracks occur. Therefore, there are more micro cracks in the case of micro EDM in pure water. Consequently, the machining efficiency of micro EDM in pure water is higher and the surface quality is lower. Pure water is more suitable for high efficiency, low-precision micro EDM, while EDM oil is better for high-precision micro EDM.
Pure water and EDM oil are two different types of working dielectrics with different components. The main components of water are O and H, while C and H are in EDM oil. In order to further study the influence of work medium on machined surface, energy spectrum analysis of the surface obtained in pure water and EDM oil was carried out, as shown in Figures 5 and 6 , respectively. In Figures 5  and 6 , the height of the yellow column (ordinate) represents the content of certain elements.
It can be seen from the energy spectrum analysis result that there is Cu element on the workpiece surface regardless of dielectric type. This is because there is element migration during the micro EDM process. The instantaneous high pressure and high temperature during the micro EDM process make the electrode material melt, vaporize, and eject from the discharge point. Owing to the effect of gravity and the ejecting force, a portion of the melted and vaporized tool material particles move and solidify on the workpiece surface. Therefore, whether pure water or EDM oil is used as the working dielectric, element migration from the tool to the workpiece is inevitable. However, it is found that the effect of electrode diameter on Cu content of the machined surface shows no significant trend. It is indicated that tool size only affects discharge and machining characteristics, but has no significant effect on element migration. However, it is found that the effect of electrode diameter on Cu content of the machined surface shows no significant trend. It is indicated that tool size only affects discharge and machining characteristics, but has no significant effect on element migration. The carbon content and oxygen content on the workpiece surface is shown in Figures 7 and 8 , respectively. It is found that there is a great quantity of oxygen element on the workpiece surface machined in pure water, indicating that iron oxides are produced during spark discharge and electrochemical corrosion. Correspondingly, there is a great quantity of carbon element on the workpiece surface machined in EDM oil, indicating that iron carbides are produced during spark discharge. Since oxides are easily electrolyzed, while carbides have a certain protective effect on machined surfaces, the workpiece material is easily removed in water under the same discharge parameters. As a result, pure water is more suitable for high efficiency, low-precision micro EDM, while EDM oil is better for high-precision micro EDM. However, it is found that the effect of electrode diameter on Cu content of the machined surface shows no significant trend. It is indicated that tool size only affects discharge and machining characteristics, but has no significant effect on element migration. The carbon content and oxygen content on the workpiece surface is shown in Figures 7 and 8 , respectively. It is found that there is a great quantity of oxygen element on the workpiece surface machined in pure water, indicating that iron oxides are produced during spark discharge and electrochemical corrosion. Correspondingly, there is a great quantity of carbon element on the workpiece surface machined in EDM oil, indicating that iron carbides are produced during spark discharge. Since oxides are easily electrolyzed, while carbides have a certain protective effect on machined surfaces, the workpiece material is easily removed in water under the same discharge parameters. As a result, pure water is more suitable for high efficiency, low-precision micro EDM, while EDM oil is better for high-precision micro EDM. The carbon content and oxygen content on the workpiece surface is shown in Figures 7 and 8 , respectively. It is found that there is a great quantity of oxygen element on the workpiece surface machined in pure water, indicating that iron oxides are produced during spark discharge and electrochemical corrosion. Correspondingly, there is a great quantity of carbon element on the workpiece surface machined in EDM oil, indicating that iron carbides are produced during spark discharge. Since oxides are easily electrolyzed, while carbides have a certain protective effect on machined surfaces, the workpiece material is easily removed in water under the same discharge parameters. As a result, pure water is more suitable for high efficiency, low-precision micro EDM, while EDM oil is better for high-precision micro EDM. 
Influence of Tool Diameter on Surface Roughness
The surface roughness values of surfaces machined in pure water and EDM oil are shown in Table 2 . Figures 9 and 10 depict the surface roughness Ra against the tool electrode diameter at different open circuit voltages. From Figures 9 and 10 , it can be determined that the Ra decreases as the tool electrode diameter increased, regardless of the open circuit voltage and dielectric type. Due to the skin effect during micro EDM process, the current density on the cylindrical tool surface increases as the tool diameter increased. Therefore, spark discharge is easier to occur and larger, and a shallower discharge crater is expected to be produced in the case of micro EDM using a larger tool. In addition, the effect of electrochemical corrosion becomes weaker when the tool size increases, which improves the surface smoothness [23] . As a result, the surface roughness Ra decreases as the cylindrical tool diameter increased. 
The surface roughness values of surfaces machined in pure water and EDM oil are shown in Table 2 . Figures 9 and 10 depict the surface roughness Ra against the tool electrode diameter at different open circuit voltages. From Figures 9 and 10 , it can be determined that the Ra decreases as the tool electrode diameter increased, regardless of the open circuit voltage and dielectric type. Due to the skin effect during micro EDM process, the current density on the cylindrical tool surface increases as the tool diameter increased. Therefore, spark discharge is easier to occur and larger, and a shallower discharge crater is expected to be produced in the case of micro EDM using a larger tool. In addition, the effect of electrochemical corrosion becomes weaker when the tool size increases, which improves the surface smoothness [23] . As a result, the surface roughness Ra decreases as the cylindrical tool diameter increased. It can also be determined from Figures 9 and 10 that the surface roughness Ra of surface machined in pure water is much larger than that machined in EDM oil. The maximum and minimum values of surface roughness Ra are 3.29 and 0.31 µm when using pure water as dielectric, while when using EDM oil as dielectric, the maximum and minimum values of surface roughness Ra are 0.42 and 0.05 µm. The good fluidity and cooling property of pure water and the effect of electrochemical corrosion result in rough surface during micro EDM process. When micro EDM is conducted in EDM oil, it is easily to segregate carbon and a considerable amount of melted materials are re-solidified on the electrode surface, therefore, a smoother surface can be obtained. It can also be determined from Figures 9 and 10 that the surface roughness Ra of surface machined in pure water is much larger than that machined in EDM oil. The maximum and minimum values of surface roughness Ra are 3.29 and 0.31 μm when using pure water as dielectric, while when using EDM oil as dielectric, the maximum and minimum values of surface roughness Ra are 0.42 and 0.05 μm. The good fluidity and cooling property of pure water and the effect of electrochemical corrosion result in rough surface during micro EDM process. When micro EDM is conducted in EDM oil, it is easily to segregate carbon and a considerable amount of melted materials are re-solidified on the electrode surface, therefore, a smoother surface can be obtained. 
Conclusions
Clarifying the influence of tool size on surface integrity is helpful to predict the machining surface quality of micro EDM. In this paper, the evolutions of tool electrode diameter on the surface roughness, element migration, and micro topography of the machined workpiece surface were discussed based on experimental results. The main conclusions are as follows:
•
The good fluidity and cooling property of pure water and the effect of electrochemical corrosion cause the surface topography obtained in pure water is significant coarser with more micro cracks than that obtained in EDM oil.
Pure water is more suitable for high efficiency, low precision micro EDM, while EDM oil is better for high precision micro EDM.
Tool material migrates to the workpiece surface during micro EDM process, whether pure water or EDM oil is used as working medium. The influence of electrode size on the Cu content on the workpiece surface shows no significant trend.
Owing to the skin effect and the effect of electrochemical corrosion during micro EDM, the surface roughness Ra decreases as the tool electrode diameter increased, regardless of the open-circuit voltage and dielectric type. The surface roughness Ra of the surface machined in pure water is much larger than that machined in EDM oil. 
Conclusions
•
Owing to the skin effect and the effect of electrochemical corrosion during micro EDM, the surface roughness Ra decreases as the tool electrode diameter increased, regardless of the open-circuit voltage and dielectric type. The surface roughness Ra of the surface machined in pure water is much larger than that machined in EDM oil.
